Introduction
Much of biogeography is at present in a state of adjustment to the new framework of plate tectonics. Geophysicists have almost literally taken the ground from under old theories. Much biogeographical interpretation in even comparatively recent literature has tended to accept the old hypotheses, based on static geography, and to seek new justifications for them in the shifting patterns of plate tectonics. A fresh start should instead be made, plotting the distributional patterns on palaeogeographical assemblages and trying to see what the implications are for intercontinental biological connections. These new ideas form the rationale behind this paper. In many cases, palaeogeographical data are now more firmly established than the data of palaeodistributions, and should be used to generate -questions to ask the palaeobiological world. In some cases, however, distributional data are still the better known, and may help to indicate the most likely solution for the palaeogeographers. Of course, where there is an apparent inconsistency between the implications of the two sets of data, both must be regarded as 76 C. Barry Cox meriting reconsideration until an interpretation acceptable to both disciplines has been reached.
There are many factors which can bias our knowledge of the fossil record. Obviously enough, fossils can only be found in a particular area if they were deposited in sediments laid down in the appropriate environment, which are themselves revealed by erosion or earth movement, in an area that is physically accessible and is visited by a sufficiently curious or trained observer or collector. The absence of fossils from a particular stretch of geological time, from a particular geographic area or from deposits of a particular character, may be due to the absence of any of these necessary conditions. Such an explanation is probably often, even normally, correct. Nevertheless, this should not blind us to the possibility that a taxon may not have been found in a particular area because, quite simply, it never existed there.
Our new understanding of palaeogeography also reveals new possible anomalies. As will be seen later, the presence of a new taxon in a particular continent has in some cases been suggested on the basis of somewhat unconvincing evidence, which does not include the critical diagnostic features of the taxon. One's doubts of these suggestions are strengthened if it now appears that they are the only basis for believing the taxon to be present not merely in a single modern continent, but in an entire supercontinent such as Gondwanaland.
Though ideally one should take into account all the organic distributions of any given period of time when trying to evaluate patterns of life, the record of the vertebrates is comparatively well known, and in particular the normally terrestrial mode of life of tetrapods provides a good test of land connections; accordingly, it is the palaeodistributional patterns of these groups from the Silurian period onwards which are to be examined in the present study. Maps prepared for a 1971 Symposium in Cambridge, England (Smith, Briden & Drewry, 1973) have been used as a palaeogeographic basis for the study, with a few minor modifications noted in the legends. For the Mesozoic period, these maps are based upon data from three independent lines of enquiry-palaeomagnetism, sea floor spreading and computer fitting of continental shelves. For the Palaeozoic, before Pangaea had formed, the maps were produced by dividing Pangaea along preMesozoic orogenic belts and using palaeomagnetic data alone to place each resulting fragment in an appropriate orientation. Though the palaeomagnetic data of this period indicate the approximate palaeolatitude of each fragment, it should be noted that the palaeolongitudinal (east-west) distances between the fragments are unknown. For a more detailed discussion of these points, see Smith, Briden & Drewry, 1973 .
The maps presented herein extend over 270? of longitude. Where they lie within a reassembled supercontinent, or at some distance from the edge of the continental shelf, present day coastlines are shown as interrupted lines. Details of the shallow, epicontinental seas have been added, mainly after Kummel (1970) , as these were almost as effective as oceans in acting as barriers to the spread of terrestrial organisms. Though the extent of these seas, and the width of the oceans, will have varied somewhat during the period of time covered by each map, the basic biogeographical patterns will not have been affected. The locations of the major sites at which vertebrates have been found have also been added, to give some idea of the extent of the factual basis for statements which relate to biogeographical patterns of distribution.
Silurian-Devonian patterns ( Fig. 1) In the Palaeozoic period, Gondwanaland seems to have had a history quite different from that of the rest of the world (Briden, 1973) . It seems already to have been complete in the Ordovician, as it is traversed by no orogenic belts younger than 500 million years. In contrast, North America, Europe and Siberia were all separate from one another, and the Palaeozoic whereabouts of China are still uncertain (Smith, Briden & Drewry, 1973) .
That North America, Europe and Asia were all in relative motion during the Palaeozoic is suggested not only by the fact that they did meet in the late Palaeozoic, but also by the orogenic activity along their margins. The fusion of the Canadian and Baltic Shields took place in the Upper Silurian to Mid Devonian, judging by the date of the Caledonian and Acadian orogenies which signal that meeting (McKerrow & Ziegler, 1972) . Partly because of this erosional-sedimentary activity in the North American and European plates, partly because of their palaeoequatorial position, and partly because of the intensity of palaeontological investigation in these areas, our knowledge of Ordovician and Silurian vertebrate evolution, in the form of fish groups, is almost entirely confined to these two plates. The acanthodian Nostolepis and undescribed hetero- (Halstead & Turner, 1973) , and the possibly Upper Silurian Kiangsuaspis from China. A more complete record of fish evolution commences in the Lower Devonian. Though Devonian fish are still known in greater numbers and variety in Euramerica than anywhere else, they are also known from Siberia, China and Gondwanaland. Most major groups (dipnoans, coelacanths, rhipidistians, heterostracans, arthrodires and antiarchs) are found in both marine and freshwater deposits. It is often possible to distinguish, at lower taxonomic levels, groups which appear to be limited to one environment or the other, and which might therefore be expected to have quite different patterns of distribution. But in practice it is difficult to distinguish precisely such different patterns, and this is equally true for living fish. For example, Myers (1938) found it necessary to recognize three different 'divisions' of fresh water fish: a primary division which includes those strictly confined to fresh water; a secondary division with those that have a little salt water tolerance, and a peripheral division, with those that are very tolerant of salt water.
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It is thus clearly impossible to be entirely certain of the environmental tolerances of fossil fishes. Many of the apparently fresh water forms may have been tolerant of sea water, and therefore able to colonize 78 C. Barry Cox other river systems, either on their original tectonic plate or on another plate. In the case of the great continent of Gondwanaland in particular, extension of the ranges of such fish might otherwise have been very slow. Some known examples support this generalization. The Upper Devonian antiarch Bothriolepis is found in fluviatile fresh water deposits in Euramerica, Siberia, China, North Africa, Antarctica and central Australia. The inference that it could cross intervening stretches of sea is confirmed by its presence in the marine inter reef facies Gogo Formation of northwestern Australia (Gardiner & Miles, 1974) . This fauna also provides another example, for it includes specimens of rhynchodipterid lungfish, which are otherwise known only from fresh water sediments in Euramerica. It may be relevant to note here that, as Thomson (1969) has pointed out, living fish which at any time use aerial respiration exclusively must excrete their nitrogenous waste in the form of urea. Since Devonian lungfish aestivation burrows are known, these fish were probably (like their living descendants Polypterus and Lepidosiren) able to retain urea at least seasonally. By its retention in the body fluid to increase the osmotic pressure of these fluids, urea can also be used for osmoregulation in the sea, as in living chondrichthyans, the coelacanth Latimeria and the anuran Rana cancrivora. Retention of urea for excretory purposes may therefore have provided the starting point for an evolutionary change which allowed the Devonian lung bearing fish (for Bothriolepis, too, had lungs) to survive in the sea and even perhaps to colonize it.
Current information also indicates that there are a few cases in which contemporary distributional patterns do seem to conform to the pattern of late Palaeozoic continents. Though the earliest anaspid, Jamoytius, appears to have been marine (Ritchie, 1968) , all later anaspids were freshwater and have been found only on the Euramerican plate. There is also a hint of the existence of a distinct endemic fauna in China, as the galeaspid osteostracans which Liu (1965, p. 131 ) describes as 'very peculiar' have been found only in that area. It seems significant that these distinctive forms have not as yet been found in the much better known faunas of Euramerica or Australia.
Carboniferous-Lower Permian patterns (Fig. 2) At the beginning of the Carboniferous period, Euramerica was still isolated. Its fusion with Siberia, marked by the Uralian orogeny, took place in Mid Permian times (McKerrow & Ziegler, 1972) . As will be seen later, the fusion between Euramerica and Gondwanaland may also have taken place at this time. Figure 2 is therefore intended to show the Palaeozoic world after land vertebrates had evolved but before Pangaea had formed.
The existence of these separate continents is fully supported by reference to the Upper Carboniferous and Lower Permian plant distributions (Chaloner & Lacey, 1973) , in which the restriction of the Glossopteris flora to Gondwanaland, and of the Euramerican flora to that continent, is well known.* However, it does not appear to have been noted thus far that the Angaran flora is restricted to Asia until the Uralian orogeny. It is also likely that the differentiation of the Cathaysian flora of China reflects an isolation from Asia imposed by intervening oceans, or epicontinental seas.
Further evidence for this may be derived from a study of the contemporary distributions of amphibians, which are first known from the Devonian/ Carboniferous boundary. Since even partially terrestrial forms of life are much more reliable than purely aquatic forms as indicators of separate land masses-potentially separate faunal regions-fish are therefore excluded from further consideration in this study.
The biogeographical standards for judging the type of physical and biological relationships existing between two faunal regions was explained long ago by Simpson (1940) , who distinguished three types of relationship. First, two areas may share a considerable proportion of their faunal elements, which appear to represent a wide range of environmental preferences. This would imply that the two areas were joined by an ecologically wide 'corridor' incorporating a commensurate variety of environments, such as the latitudinally wide link between Europe and Asia today. Secondly, the faunas of the two areas may share some taxa, but each may lack taxa found in a particular range of environments in the other area. This would imply that the two areas were joined by an ecologically restricted 'filter', so that animals unable to tolerate this restricted range of habitats would be unable to pass through from one area to the other, just as the tropical Panamanian land bridge today denies passage to the temperate faunal elements of the two continents that it links. * In the Devonian and Lower Carboniferous there seems, puzzingly, to be a single, world-wide flora. Thirdly, two areas may have faunas which are in most respects different from one another, but do also share a few taxa. This suggests that there is a major barrier to dispersal between the two regions but that, over long periods of geological time, the passage of a few organisms does occur by chance. This type of faunal relationship, known as a 'sweepstakes' route or 'waif dispersal', is exemplified today by the faunal composition of such isolated islands as the Hawaiian group.
An excellent example of the consequences of the existence of an ecological filter is provided in the distribution of patterns of Upper Carboniferous and Lower Permian tetrapods, studied by Milner & Panchen (1973) . Terrestrial tetrapods are similar in both the North American and the European parts of Euramerica. However, there are differences in the fresh water aquatic tetrapods in which, although seven families are found in both areas, another seven are confined to North America and three to Europe. Milner & Panchen (1973) comment that there must have been a partial barrier to the spread of fresh water forms, but not to that of terrestrial forms. They suggest that this might well have been caused by the Caledonian chain of mountains that marks the Devonian meeting of the North American and European plates.
Studies of the Carboniferous tetrapods also serve to illustrate another aspect of the approach to palaeodistributional patterns, as based -on palaeo-geographic reconstructions. Like the bulk of the Devonian fish, Carboniferous tetrapods have been found only in Euramerica (Panchen, 1973) . Of course, this area also includes the Greenland sites of the earliest known amphibians (from the Upper Devonian/Carboniferous boundary as previously noted) and Panchen has suggested that the Amphibia may actually have evolved in this area. This picture has since become slightly more complicated with the discovery of apparent tetrapod tracks in the Upper Devonian of Australia (Warren & Wakefield, 1972) . Nevertheless, Panchen's inference is supported by the Permian patterns of distiibution, as we shall see. Furthermore, terrestrial amphibians may have evolved in response to a combination of predator pressure in the water and of unexploited invertebrate food on land (Schmalhausen, 1957; Cox, 1967) . If so, the near equatorial position of Euramerica, and the resulting lush Carboniferous coal swamps of southern Euramerica, would have provided an environment in which there could well have been an adequate food supply for the emergence of these amphibians.
Like the Carboniferous tetrapods, the amphibians and reptiles of the Lower Permian are almost entirely restricted to Euramerica. This Lower Permian fauna is known best from the Red Beds of Texas, from which thirteen families and forty-five genera of reptiles have been recorded (Romer, 1973) . The European record is certainly poorer, containing only five families and eight genera. But these include a fair cross section of the North American forms, from little captorhinids and araeoscelids to large edaphosaurs (the genus Edaphosaurus is known from both areas). It therefore seems likely that the difference between the two faunas is only due to the fact that the North American strata are unusually fossiliferous and well prospected.
A surprising fact is that these amphibians and reptiles of the Upper Carboniferous and Lower Permian are almost unknown from other parts of the world, such as the continent of Asia, then approaching Europe from the north east, or the vast southern supercontinent of Gondwanaland. There is in fact one lone record from Asia, and a few from Gondwanaland. The Asian record is of a small, apparently larval aquatic amphibian, Tungussogyrinus (wrongly regarded as Lower Triassic in my 1973a paper), of uncertain affinities. The small Upper Carboniferous aquatic reptile Mesosaurus, from both Brazil and South Africa, was for long a tantalizingly inconclusive suggestion of a juxtaposition of the two continents. From Northern Brazil, Price in 1945 found the remains of an aquatic amphibian, a long-snouted fish-eating archegosaur (Price, 1948) . The best evidence for tetrapods in Gondwanaland before the Upper Permian comes from the Permo-Carboniferous beds of the Kashmir region of northern India. Several amphibians have been found here: aquatic archegosaurs (Woodward, 1905; Tewari, 1962) , an actinodont (Wadia & Swinton, 1928; Branson, 1935) and an eryopoid (Verma, 1962) . Finally, though Romer (1973) refers to a captorhinid bone from Tasmania, the identification of this is uncertain and it is in any case of Lower Triassic age (Cox, 1973d) .
It has been usual to ascribe the lack of tetrapods from Asia and Gondwanaland merely to the fact that less work has been carried out in these areas, and fewer continental deposits have been found. This would be an acceptable explanation if there were only a difference of degree, the tetrapod faunas of these areas being merely poorer than those of Euramerica. But this is not the case. With the exceptions noted above, Carboniferous and Lower Permian tetrapods are unknown from three-quarters of the land surface of the world. One cannot even say that these areas have lacked competent palaeontological collectors. Such skilled workers as Llewellyn Price in Brazil and James Kitching in South Africa have spent their lifetimes collecting fossil vertebrates. Romer has taken at least one major expedition to Argentina specifically to look for vertebrates in the Permian Paganzo Beds, but to no avail.
This explanation was moreover certainly credible in the days before continental drift was accepted. Since Europe is adjacent to Asia and has had intermittent contacts with Africa during the Cenozoic and Mesozoic, and these relationships were thought to have been permanent, it was also thought to be 'obvious' that the fauna of Europe must have been able to penetrate these adjacent continents over the millions of years of the Permo-Carboniferousespecially as it seemed as though it had managed to cross an ocean to or from North America. But there now seems little doubt that Asia was separate from Euramerica until the mid-Permian (Hamilton, 1970) . It is surely not merely coincidence that it was only after that event that tetrapods first appeared in Asia -therocephalians in central Asia and pareiasaurs in China.
The time of the meeting of Euramerica and Gondwanaland is more difficult to establish. Certainly, the Vertebrate palaeodistributions and continental drift 81 date of the Alleghanian orogeny, which resulted from the approach and meeting of these two continents is the least well established of all the Appalachian orogenies (Rodgers, 1967, p. 419) . It is known to have begun in the Upper Carboniferous (McKerrow & Ziegler, 1972; Burrett, 1972) , and to have continued until some time after the Lower Permian (Rodgers, 1967) . But the early date of the beginning of this orogeny does not imply that the two continents met at this time, for a contracting ocean between them must have contained a subduction trench. If this trench was adjacent to Euramerica, an Andean type orogeny would have commenced there long before collision of the continents caused a Himalayan type orogeny.
It is indeed tempting to suggest that there is a connection between the date of this collision and the fact that tetrapods do not appear in Gondwanaland until the Upper Permian, or in other words that, as in the case of Asia, land tetrapods were unable to cross from Euramerica to Gondwanaland until the process of continental drift had united these two continents. Following their arrival in Gondwanaland, they then appeared in vast numbers and variety, for Romer (1973) lists sixteen families and seventy-seven genera of reptile from the early Upper Permian Tapinocephalus Zone of South Africa. These reptiles are mainly mammal like reptiles. Their sudden evolutionary radiation might, under this suggested hypothesis, be the result of the sudden accessibility to them of new and extensive areas for colonization, involving much greater ranges of palaeolatitude and new floral regions, for the Euramerican plate extended to no more than c4O0N palaeolatitude, whereas Asia and Gondwanaland extended to their respective geographical poles. The newly accessible regions of Asia and Gondwanaland also contained the distinctive Angaran, Cathaysian and Glossopteris floras, which must also have increased the possibilities of ecological diversification open to the early land vertebrates. If my hypothesis is correct, then Irving & Brown's (1964) discovery that the distribution of Upper Carboniferous and Lower Permian amphibians is closely related to the palaeoequator may be merely a result of their geographical opportunities rather than the provision of an insight into their physiological preferences, or tolerances.
There seems, at least, little doubt that the Upper Permian tetrapods of Gondwanaland are the results of a full meeting between that continent and Euramerica. If, instead, there had only been a sweepstakes or filter route connection between the two continents, one would expect that the immigrants to Gondwanaland would, in more or less complete isolation there, have evolved into an endemic fauna, different in many ways from that found in the North. What we in fact find, in the Upper Permian of South Africa, is quite different. It is a fauna whose roots can be traced, with few gaps of lineage, through the earlier Mid Permian and Lower Permian faunas of Euramerica. Romer says (1973, p. 164) 'As between (European) Russia and South Africa, however, the situation is clear. The two areas show faunas closely related to one another (the African one somewhat later). . .'. The index of faunal similarity of Simpson (C/C1 x 100, where C is the number of taxa in common, and Ci is the number of taxa in the smaller of the two faunas) between the two areas is 70 %, despite their great difference in palaeolatitude. Even the differences between the two areas are not due to the presence of quite different groups in the two areas. Thus the reptile fauna of European Russia contains seven suborders, and that of South Africa eight, but six of these are common to the two areas. The two unique South African forms (millerettids and bauriamorphs) are merely lines which evolved within the Upper Permian of that continent.
Finally, as we shall see, the picture in the succeeding Triassic Period is completely different, with extensive similarities between the faunas of all of today's continents. The Gondwanaland record is richer, not poorer, than that of Laurasia: out of fifty-seven families of wholly terrestrial tetrapod, thirty-nine are present in Laurasia and forty-six in Gondwanaland. Are we really to believe that these differences between the Permian and the Triassic records in Gondwanaland are simply because there was, by chance, so great a difference between the areas of deposition of fossiliferous rocks of appropriate age, or of the discovery of fossils in these rocks, in the 50 million years of the Lower and Middle Permian as compared with the 35 million years of the Triassic ?
Though, as suggested above, it is possible that continental drift was the factor that eventually made it possible for tetrapods to reach Gondwanaland, it is also possible that they were excluded by other factors, such as unknown epicontinental seas or desert regions. Whatever the reason may be, there seems at least a prima facie case for the possibility that tetrapods did not colonize the major part of Gondwanaland until the Upper Permian.
Upper Permian-Triassic patterns (Fig. 3) These are the periods of radiation of (mainly mammal like) reptiles within the single world wide continental mass of Pangaea, undivided by epicontinental seas, major mountain chains or deserts.
The Upper Permian tetrapod faunas, known best from South Africa, have been recorded also in Asia, China, India and Euramerica (Romer, 1973) .
For the Triassic, I have already published (Cox, 1973a, b) a detailed analysis of the distribution of terrestrial vertebrate faunas, and shown that the fauna is a world wide one (Fig. 4) . These Triassic coefficients are very similar to those given by McKenna (1973) for families of living mammal in the states of Oregon and New York. The surprising aspect of the Triassic figures is therefore how high they are, even for areas then thousands of miles apart, such as Europe and India, or Asia and Africa. The clear implication is that not only were there no major geographical barriers between these areas, but also that there were no effective climatic barriers separating them.
It is difficult even to substantiate a faunal difference between Laurasia and Gondwanaland. Taking the Triassic as a whole, thirty-three of the sixty families of terrestrial tetrapod are known in both areas, and the remainder are mostly either rare forms, found in only one or two adjacent localities, or forms of an age represented by fossiliferous strata in only one of the two super continents. If this latter effect is reduced by taking a shorter time span, then for example in the Upper Triassic there are twenty-eight families of terrestrial tetrapod in Laurasia, and twenty-five in Gondwanaland, of which nineteen are common to the two areas-a coefficient of faunal similarity of 76 %.
The Triassic is probably the simplest of all geological periods to interpret biogeographically, for there is positive evidence linking all of today's con- , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , '-',',,-,,,,,,,,,,,,,-,,,,,,',',',',',',,-,,,,, Fig. 4 . Coefficients of faunal similarity at family level between the Triassic faunas of today's continents, after Cox (1973a, b) , amended to include the existence of traversodont cynodonts in European Russia (Tatarinov, 1973) and Asia (Young, 1974) . The number shown in brackets after each continent shows the number of terrestrial Triassic families found in that continent; where the presence of a family is not yet fully confirmed, a score of 0 5 has been added.
tinents. The distribution patterns of vertebrates become more difficult to understand in the Jurassic and Cretaceous, for three reasons. First, the supercontinents began to break up with the appearance of spreading ridges; it is not always possible, however, to be sure exactly when each of these spreading movements commenced. Secondly, there remain uncertainties as to the exact relationships between land masses in particular, crucial areas, as we shall see-e.g. North America in respect of South America, South America in respect of Antarctica, and North America in respect of Asia. Thirdly, even when two areas lay on the same tectonic plate, the spread of shallow epicontinental seas in the Jurassic and Cretaceous may have made it impossible for animals to travel between them. For example, a shallow Turgai Sea separated Europe from Asia from the Mid Jurassic until the Middle Eocene.
Jurassic patterns (Fig. 5) The Central Atlantic, between North America and Africa, began to open in the Lower Jurassic (Dewey et al., 1973) . Though this part of the connection between Laurasia and Gondwanaland became impassable, there must have been some connection for land vertebrates between the two. This is clearly shown by the great similarity of their dinosaur faunas in the Upper Jurassic, best known from the Morrison Formation of the U.S.A. and from Tendaguru in Tanzania (Charig, 1971; Colbert, 1973) . Hypsilophodonts and the large sauropods (cetiosaurs, brachiosaurs and diplodocines) are found in both faunas. This resemblance does not end merely at family level, but extends as far as genera: Bothriospondylus, Brachiosaurus and Barosaurus are genera common to both faunas (Charig, 1973) . This degree of similarity implies a land route round at least one end of the expanding Central Atlantic. This expansion was by movement of Gondwanaland away from North America, which must therefore have separated from both Africa and South America. The route from North America to Africa was therefore probably via Europe. The movements of the different small areas which caused the Alpine System orogeny are so complex (see Dewey et al., 1973) that it is impossible to establish coastlines in this area, and one can only presume that a land bridge existed for a brief period or periods in the Jurassic, as shown in Fig. 5 , permitting the passage of these dinosaurs.
The relationships between the dinosaur faunas of these different areas are shown in Fig. 6 , the data being derived from Charig (1973) , omitting monogeneric groups known from only one area. Only three Jurassic families (the coelurids, megalosaurs and stegosaurs) are found in all three areas. Though most of the Euramerican groups are known in Gondwanaland, only half are known in Asia, mainly because the four Euramerican sauropod subfamilies are unknown there. Much of the poverty of the Asian Jurassic dinosaur fauna is probably spurious, being due to lack of knowledge, but Jurassic palaeogeography does suggest that any route between Asia and Euramerica would have involved a filter region. An occasional trans-Turgai connection would have provided one such route. The other 84 C. Barry Cox possibility is dispersal via Alaska and Siberia. The boundary between the Euramerican plate and the Asian plate appears to have lain in the Cherskiy region of north eastern Siberia (Churkin, 1972) , and the north westward movement of the Euramerican plate appears to have caused both the collision of the adjacent parts of these two plates in the late Jurassic (Churkin, 1972) , and also the appearance of new land in western North America in the Nevadan orogeny (Coney, 1973) . The Jurassic palaeogeographic map suggests that the resulting AlaskaSiberia link would have lain at a high palaeolatitude. However, in the absence of polar icesheets during the Mesozoic, mild climates seem to have extended into quite high palaeolatitudes. The Early Cretaceous floras of North America and Siberia show similarities (Barnard, 1973) suggesting a Jurassic biological connection between these two areas, and Cretaceous floras are certainly known from equally high palaeolatitudes. It would therefore seem that both the climates and the floras of these regions would have provided a migration route for dinosaurs, which were themselves apparently warm blooded (Russell, 1965) . Finally, as we shall see, there is also some evidence that dinosaurs used this Alaska-Siberia route during the Cretaceous.
Cretaceous patterns (Figs 7 and 9)
In general, the patterns of palaeogeographical change seen in the Jurassic continued into the Cretaceous. Epicontinental seas across Asia and North America were still extensive enough in time and space that they might have caused detectable effects on patterns of faunal distribution. The Central Atlantic continued to widen, but the Euramerican plate remained whole. The continuing westward movement of North America led to further mountain building (the Sevier and Laramide orogenies) in the western part of the continent (Coney, 1973) , and this may have increased the land linkage to Asia. Though South America finally separated from Africa in the Upper Cretaceous, this took place too late to affect the distributional pattern of dinosaurs though, as will be seen, it is relevant when considering those of mammals. The distributions of dinosaurs and mammals will accordingly be considered in turn.
Dinosaurs
The patterns of distribution of the Cretaceous dinosaur faunas of Euramerica, Asia and Gondwanaland are shown in Fig. 8 . Within the northern continents, there was considerable interchange between Euramerica and Asia. Since the Turgai Sea was still in existence, and in view of the geological evidence for land linkage between Alaska and Siberia, the latter route was probably still the pathway of intercontinental dispersal. The climate of such a route certainly seems to have been quite warm. Smiley's (1972) studies on the Cretaceous floras of northern Alaska show a peak of warmth in the late Lower Cretaceous (Albian), when the climate there was frost free and subtropical, and a gradual cooling till the end of the Cretaceous, when it had become cool-temperate. Certainly, plants seem to have dispersed by this route for, as already Vertebrate palaeodistributions and continental drift 85 cited, the Early Cretaceous floras of Siberia and British Columbia are very similar (Barnard, 1973) . In addition to this link within the Northern Hemisphere, it is commonly stated that the dinosaur faunas of the Cretaceous world require land connection between Laurasia and Gondwanaland (Charig, 1971; Colbert, 1974) . As already shown, the Upper Jurassic dinosaur faunas of the two areas are similar. It follows, therefore, that both areas inherited a similar dinosaur fauna in the Cretaceous, and that the bulk of their Cretaceous dinosaur faunas could be merely the descendants of common Jurassic stock. Evidence as to Cretaceous intercontinental connections can therefore only be provided by a consideration of those new forms which evolved solely within the Cretaceous period. There are seven such new Cretaceous dinosaur families: the saurischian tyrannosaurs, dromaeosaurs and ornithomimids, and the ornithischian hadrosaurs, protoceratopians, ceratopians and pachycephalosaurs. All are known in both Euramerica and Asia. But though the literature contains some reports of these groups in Gondwanaland, few of these appear to be reliable. The two supposed ornithomimids from India have recently been stated to be nomina vana, of doubtful nature (Russell, 1972) . The supposed tyrannosaur and ceratopian specimens from Argentina (von Huene 1929) are all incomplete specimens which show none of the diagnostic features of these groups. Though a dromaeosaur is reported from the Upper Cretaceous of South America (Ostrom, personal communication), this group is known from the earliest Lower Cretaceous in North America and may have spread to Gondwanaland before that supercontinent became isolated. The only reliable evidence for faunal connection between Northern and Southern Hemispheres during the Cretaceous is therefore the presence of a hadrosaurine hadrosaur in the Upper Cretaceous of Argentina (Casamiquela, 1964; Brett-Surman, personal communication) . Like that of the Upper Cretaceous mammals of South America, the access route of this hadrosaur group is uncertain, but was probably via a filter route from North America (see p. 89).
At generic level, the only Cretaceous dinosaur reported in both Laurasia and Gondwanaland is the sauropod Titanosaurus, but the evidence for this is unreliable (Colbert, 1974) .
Accordingly it seems clear that the dinosaur faunas of the Cretaceous provide no reliable evidence to contradict the diverse evidence from marine invertebrate studies (Hallam, 1973) Tethyan marine belt (presumably a shallow epicontinental sea) separated Gondwanaland from the northern land areas during the Cretaceous. Even within the Northern Hemisphere, epicontinental seas strongly affected the distribution of Cretaceous terrestrial vertebrates. The new types of dinosaur which evolved in the Lower Cretaceous (comithomimids, pachycephalosaurs and hadrosaurine hadrosaurs) were able to spread throughout the Northern Hemisphere. But the formation of the Mid-Continental Seaway across North America in the Upper Cretaceous (Fig. 9 ) created two separate land masses in the Northern Hemisphere: 'Asiamerica' (Asia plus western North America) and 'Euramerica' (eastern North America plus Europe).
As Colbert (1974) has pointed out, this geographical situation explains the restriction of the tyrannosaurs and protoceratopids to the first of these two land masses-and it should be noted that both groups evolved within the Upper Cretaceous, after the seaway had formed. However, Colbert also suggests that the presence of hadrosaurs in both land masses shows that it was possible for some dinosaurs, at least, to cross the Seaway. In fact, closer analysis shows that the only hadrosaurs known in Euramerica are the most primitive forms, the hadrosaurines. As already noted, these evolved in the Lower Cretaceous, before the Seaway formed. The other three hadrosaur subfamilies (the Saurolophinae, Cheneosaurinae and Lambeosaurinae) evolVertebrate palaeodistributions and continental drift 87 ved in the Upper Cretaceous, after the Seaway had formed, and are found only in Asiamerica.
The survival of iguanodonts and primitive ankylosaurs (the acanthopholids) in the Upper Cretaceous of Euramerica may also have been due to the isolation of that area at that time. These groups became extinct in the Upper Cretaceous of Asiamerica, where they would have been in competition with such new groups as the protoceratopids and advanced hadrosaurs.
Although, if one takes the Upper Cretaceous as a whole, it is thus possible to identify a single Asiamerican faunal region, this itself had apparently become subdivided by the Uppermost Cretaceous (Kielan-Jaworowska, 1974 ). This fact is not apparent at family level, as the families found in both Asia and western North America in the early Upper Cretaceous survive in both areas until the end of the Cretaceous. Kielan-Jaworowska (pers. comm.) has pointed out, however, that only two genera are common to both areas, and also that the Uppermost Cretaceous North American family Ceratopidae may well be absent from Asia, since its supposed presence there is based only on a single skull bone (Charig, 1973) of doubtful diagnostic value. This suggests that a barrier had formed between Asia and North America, and a spread of epicontinental seas between them seems the most likely explanation. As will be seen, the distribution of Uppermost Cretaceous mammals supports this hypothesis.
Within the Southern Hemisphere, dinosaurs doubtless became widely distributed during the Jurassic and Lower Cretaceous, when Gondwanaland was still whole. Their presence in the separate parts of Gondwanaland in the Upper Cretaceous does not, therefore, imply land routes between these areas at that time, as Colbert (1974) suggests, but merely the presence of descendants of the dinosaur fauna that was common to all of Gondwanaland in the Lower Cretaceous.
Mammals
The distribution of Cretaceous mammals presents a variety of problems, mainly because of the imperfection of our knowledge both of the early evolution of marsupials and placentals and also of the final dates of separation between the different land masses. The palaeogeography of the Upper Cretaceous is shown in Fig. 9 , and three major biogeographic problems involving the differential distributions of Upper Cretaceous mammals will be considered in turn: these relate to distributions in North America as against Asia; Laurasia as against Gondwanaland; and within Gondwanaland itself. The distribution of Uppermost Cretaceous mammals provides further evidence of a barrier between Asia and western North America. North America appears to have been invaded by several families of Asian placentals (Lillegraven, 1969) and multituberculates (Kielan-Jaworowska, 1974) . However, the multituberculates and varied marsupials of North America do not appear to have been able to colonize Asia.* Kielan-Jaworowska (1974) points out that this situation is not easily explicable by reference to a possible filter connection between Asia and North America, as this should have permitted passage equally well in each direction. Instead, she believes that it suggests a sweepstakes route between the two areas, possibly across marine straits within which the currents favoured eastward crossings but not westward crossings.
Relationships between mammals in South America on the one hand, and North America and Africa on the other, pose difficult problems in both the Upper Cretaceous and the Lower Tertiary, and neither the * Butler & Kielan-Jaworowska (1973) have suggested that the Asian family Deltatheridiidae may have some marsupial dental characters, as well as placental characters; they prefer to classify the group as early mammals of metatherianeutherian grade, and their presence in Asia does not necessarily imply the presence there of fully marsupial mammals, closely related to the marsupials of North America. .I.-......' (-,_"""""""""
.,.,., -"",::,:,:-:-""""""' ...... ,.,. (Pitman & Talwani, 1972) and to South America (Le Pichon & Hayes, 1971; Sclater & McKenzie, 1973) , show that the North Atlantic was already comparatively wide, whereas northern South America was still not far distant from Africa (Fig. 9) . The Cretaceous biogeographical evidence is adequate only for North America. Until recently, the fact that it contained the most diverse Cretaceous marsupial fauna known led to the belief that the group had evolved in that area. But Cretaceous marsupials and condylarth placentals have now been found in South America (Sige, 1968 (Sige, , 1972 ; in particular the diversity of this continent's Cretaceous marsupial fauna has already provided a considerable surprise, leading Hoffstetter (1970) to suggest that marsupials might have evolved somewhere in Gondwanaland. More surprises may well be in store, both from South America and also from Africa, whose Cretaceous and Early Tertiary mammal faunas are completely unknown. As Sige (1972) points out, it would be unwise to attempt to erect an elaborate biogeographic hypothesis on existing data. One can only suggest a few possibilities.
Since marsupials are known from both GondVertebrate palaeodistributions and continental drift 89 wanaland and Euramerica in the Upper Cretaceous, they must have crossed the sea barrier which separated the dinosaur faunas of the Northern and Southern Hemispheres. Two routes are possible, and both involve difficulties. Though, as just discussed, it seems likely that there was a considerable gap between North and South America, it is possible that this gap contained volcanic islands resulting from the complicated tectonic events taking place in the Caribbean (Malfait & Dinkelman, 1972) . These might have acted as a filter route, allowing marsupials and condylarth placentals to cross between North and South America, but preventing the passage of dinosaurs, except hadrosaurs. The alternative is a more circuitous route from western North America to Euramerica, and then to Africa and South America. This would have involved crossing the Mid-Continental Seaway, the Tethyan seaway between Europe and Africa, and the early, narrow South Atlantic. This last might have been no great problem, since the intervening Mid-Atlantic Ridge may have surfaced as volcanic islands which would have provided possible aids to the dispersal of terrestrial animals from one continent to the other; the Cape Verde Islands and Canary Islands seem to be relics of such a chain in the more northern part of the Ridge (Klerkx & de Paepe, 1971) . Nevertheless, the three sea barriers involved in this route together form a formidable series of obstacles. Another difficulty is that, if marsupials had spread by this route, it is surprising to find no trace of them in the well known European Upper Paleocene mammal faunas.
The present evidence, though inconclusive, therefore favours a trans-Caribbean filter route for the passage of marsupials and condylarths between North and South America.
I have recently (Cox, 1973c) discussed the problem of the connection between South America and the rest of Gondwanaland, and its relationship to the spread of marsupials to Australia. In brief, the simplest explanation is that marsupials crossed from South America to the Antarctica-Australia landmass before this broke away, and that this separation took place before placentals arrived in South America. As a result, the placentals were unable to reach Australia. Australia later split from Antarctica; sea floor spreading data (Weissel & Hayes, 1971) show that this took place in the Eocene. One crucial factor in this theory is the timing of the break between South America and Antarctica, which must have taken place by at least the Late Cretaceous to have excluded the known Paleocene South American placentals from access to Australia. Though earlier workers had suggested that the break was not until Early Tertiary times, the recent view of Dalziel et al. (1973) that it took place before the Late Cretaceous is helpful to my suggested explanation.*
Tertiary patterns
To understand properly the distributional patterns of different mammalian families, it is necessary to know where each of these originated. For some families it is impossible to be sure of this, because of gaps in the record in particular areas and times. Many families, however, are endemic to one particular tectonic plate, and accordingly it seems reasonable to assume provisionally that this includes their area of origin. Figure 10 is a Venn diagram of the areas of first known occurrence of different mammalian orders. Many of these are first known from North America, because the record for that continent is known from the Upper Cretacous onwards, whereas the European record does not begin until the Mid-Upper Paleocene. Late though this European record is, it none the less contains representatives of most of the 'North American' groups. As North America and Europe were still joined until the end of the Lower Eocene, one cannot localize the apparent area of origin of these orders more precisely than 'Euramerica' and they are shown as such in Figs 10 and 11. Only those North American orders which do not appear in the European record in the Upper Paleocene are shown as originating in North America.
As already mentioned, placentals appear to have originated in Asia. The earliest placentals are normally placed in the order Insectivora but, as Butler (1972) has pointed out, they are really only primitive placentals, rather than being closely related to the living types of insectivore. Butler suggests that the early forms be placed in an order Proteutheria, and the later, more modern types of insectivore be placed in an order Lipotyphla. This suggestion has been accepted here. Figure 11 shows the faunal relationships of the * Though Raven & Axelrod (1972 refer to the final break of the link between Australia and South America as being middle Eocene, they are in fact referring to the date of the break between Australia and Antarctica; they do also (1974) note the above-quoted data for the separation of South America from Antarctica. different land masses from the Upper Cretaceous to the Middle Eocene. Arrows indicate the time of appearance of an order in a new area and its probable geographical origin. The first appearance in the palaeontological record is probably often some time later than its actual time of immigration, but it is best to portray only what is at present established. During this period, the Turgai Sea still obstructed direct land travel between Europe and Asia. Though the disappearance of the Mid-Continental Seaway at the beginning of the Tertiary allowed dispersal between Western North America and Euramerica, Greenland began to separate from Europe in the Paleocene (Bott, 1973) . Connections between North America and Europe were therefore possible only in the north, where northern Greenland was sliding past Svalbard (Spitzbergen) along the de Geer fracture zone. As Szalay & McKenna (1971) have pointed out, this connection was at a fairly high palaeolatitude, and would have acted as a faunal filter. The closeness of the relationship between the two areas is demonstrated by the fact that ten Upper Paleocene mammal genera are found in both areas (Kurten, 1973) . As can be seen from Fig. 12 , the North American fauna is less similar to that of Asia than to that of Europe. Szalay & McKenna (1971) seems more likely that the faunal difference was due to a continuation of the Late Cretaceous barrier between Asia and North America.
Notoungulates were able to disperse from South America to North America and thence to Asia in the Upper Paleocene. Since no other groups crossed between North and South America in either direc-7 tion, this appears to have been a sweepstakes route, again presumably along a Caribbean chain of islands.
The faunas of Africa, India and Australia at this time are unknown.
These patterns of possible faunal movements became radically altered in the Middle Eocene. Szalay & McKenna (1971) have suggested that the divergence between the faunas of North America and Europe, which begins at this time, may have been due to the final breaking of the Svalbard link between Greenland and Europe. Due to the disappearance of the Turgai Sea at this same time, Europe's links with the rest of the Northern Hemisphere were henceforth via Asia and not via North America.
Elsewhere, Tertiary climatic changes, and changes in sea levels, produced a complicated pattern of alternating periods of faunal isolation and linkage between Asia and North America from the Oligocene onwards, which has recently been discussed by Colbert (1974) . Recent work (Powell & Conaghan, 1973) has suggested that India had become attached to Asia by the Middle Eocene, and this is supported by the presence of condylarths, artiodactyls and perissodactyls in the Upper Eocene Kalakot fauna of India (Ranga Rao, 1971 Ranga Rao & Obergfell, 1973) .
C. Barry Cox
The mammal fauna of Africa is unknown before the Upper Eocene-Lower Oligocene Fayum faunas, which have recently been discussed by Coryndon & Savage (1973) . Though they are probably only very limited samples of the total African fauna, so that other groups may have been present, the fact that the faunas are dominated by groups which evolved in Africa and did not reach other continents until much later, suggests that Africa was linked to Europe solely by a sweepstakes route during this time, probably due to the presence of epicontinental seas over northern Africa.
Monkey-like primates and hystricognath rodents appeared in both Africa and South America in the Lower Oligocene. The source of the South American members of these two groups is still hotly debated, Wood (1974) favouring a North American origin, and Lavocat (1974) and Hoffstetter (1973) an African origin. Whichever was their continental homeland, the fact that other groups from that continent did not accompany them suggests again that a sweepstakes route was involved. This could have been a chain of islands, either across the Caribbean or along the Mid-Atlantic ridge between West Africa and Brazil. It was not until the Upper Pliocene that the final establishment of a continuous land route by way of the Panama isthmus resulted in a complex pattern of extinction and faunal interchange with North America, which has been fully documented by Simpson (1950) .
The mammal fauna of Australia is first known in the Upper Oligocene-Lower Miocene. The fact that it already contained ten different families of marsupial strongly suggests that the group had entered Australia considerably earlier. If the suggestion made earlier (page 89) is correct, marsupials would have reached the Antarctica-Australia continent in the Late Cretaceous. It was, however, not until much later that placental mammals were able to enter Australia from Southeast Asia. Rats are the only terrestrial placentals to have made this journey unaided by man, but their absence from the Late Pliocene H4amilton fauna of Victoria, Australia (Turnbull & Lundelius, 1970) suggests that their arrival was quite late.
Conclusions
Until recently, zoogeography was based on the assumption of static geography. Not surprisingly, analyses of distributional patterns revealed many puzzles. This was primarily because the geographical units used in compiling faunal lists were, as we can now see, often invalid. The acceptance of continental drift theory provides a series of dates for the union or separation of different tectonic plates. It is therefore essential for zoogeographers now to use appropriate palaeogeographic maps and the appropriate stretch of time during which a particular continental configuration was in existence, when attempting to analyse the faunas of the past. Such maps show the appropriate geographic units for faunal analysis and comparison, suggest possible routes of faunal interchange at specific times, and also aid in the identification of specific issues of physiological or climatic tolerance.
Problems of interpretation still of course remain, but at least zoogeographers can now attempt to solve the real problems (e.g. why didn't placentals enter Australia from the rest of Gondwanaland?) rather than spurious ones (why didn't placentals enter Australia from Asia ?). Finally, some new types of queries-and answers-arise. Thus in the past, palaeontologists have tended to explain all cases involving the absence of individual groups from particular areas as merely the result of inadequate exploration or sampling. It is now apparent that, in at least some cases, these absences are consistent with palaeogeographic evidence that the area in question was isolated at that time, and with the idea that fossils have not been found there simply because the animals did not live there.
